The aim of the study was to investigate the spectrum and frequencies of chromosome aberrations induced by the exposure of different mouse spermatogenic germ cell stages to ionizing radiation. Male mice were exposed in vivo to X-rays. Chromosome aberrations were analyzed in first-and second-embryonic cleavages obtained from mating irradiated males with nonirradiated females at different periods after radiation exposure. A combination of telomeric and centromeric labeling as well as whole Y chromosome painting was used to characterize the rejoining pattern and the telomere status of the radiation-induced DNA breaks. The frequency of chromosome aberrations observed in eggs fertilized with sperm irradiated at the early spermatid stage was markedly higher than the frequency in eggs fertilized with sperm irradiated at the other spermatogenic stages when reference was made to the chromosome aberrations recovered in early embryos. At the first division postirradiation, distal rejoining of broken chromosome ends (in regard to the position of the centromere) was more frequent than proximal rejoining; thus compound acentric fragments were more frequently observed than dicentric chromosomes. The presence of additional telomere signals at the broken chromosome ends in mouse germ cells and early embryos, compatible with de novo formation of telomeres, was not frequent.
INTRODUCTION
Radiation-induced chromosome aberrations, particularly exchange-type aberrations, are thought to result from misrepair of DNA double-strand breaks (DSB). These broken DNA ends are very unstable until capped by the acquisition of a telomere. This nucleoproteic structure forms a t-loop structure 1) that protects the linear eukaryotic chromosome from fusing with other chromosome ends. Most radiationinduced DSBs in mammalian somatic cells are capped by the acquisition of a pre-existing telomere by nonhomologous end-joining (NHEJ). If the number of breaks is low, the two broken DNA ends are able to join back together by NHEJ, restoring the original chromosome. However, given that the requirements of sequence homology for NHEJ to join broken ends are low, a significant fraction of induced DNA breaks may join illegitimately, forming exchange-type aberrations (such as translocations, rings, and dicentrics). Furthermore, it has been suggested that telomerase, the enzyme responsible for elongating telomeres, could also cap broken chromosome ends by synthesizing new telomere repeats at DSBs in a process called chromosome healing 2, 3, 4) . In mammals, the firmest evidence for the direct telomere addition at the break sites comes from DNA sequence analysis of terminal deletions in several individuals with human genetic diseases that have been shown to contain telomeric repeats added directly to the end of the broken chromosome without subtelomeric sequences 5, 6) . Moreover, double-strand break sites induced with I-SceI endonuclease near the telomere in mouse embryonic stem cells were found to have telomeric repeats added directly to the break site without the loss of a single nucleotide 7) . Although telomerase has not been fully demonstrated to be involved in any of these cases, these studies point to the possibility that telomerase-mediated telomere addition to the break sites can occur under some circumstances. Less is known about the involvement of telomerase in radiation-damage processing by the de novo synthesis of telomere repeats at DSBs.
According to a model proposed by Chan and Blackburn 8) , DNA repair (by homologous recombination via Rad 52 or by Ku-dependent NHEJ) and synthesis of telomeric repeats by telomerase would be competing responses at DSBs, as well as at telomeres. The pathway used to cap the broken DNA ends seems to be regulated during development and also during the cell cycle 9) . Telomerase, Ku, and Rad52 pro-teins are differentially expressed in somatic and germ cells. In contrast with telomerase, which is active in mammalian germ line cells but essentially inactive in somatic cells, the expression of Ku70 decreases during mouse meiosis 10) . These differences in protein expression may potentially affect the spectrum and frequencies of radiation-induced chromosomal aberrations. To evaluate this possibility, we have analyzed the first-and second-cleavage metaphases of fertilized mouse eggs to investigate the chromosome aberrations induced by the exposure of the different mouse spermatogenic germ cell stages, from spermatogonia to epididymal sperm to ionizing radiation.
MATERIAL AND METHODS
The use of experimental animals for this study has been reviewed and approved by the committee of the Universitat Autònoma de Barcelona, which oversees the ethics of research involving the use of animals and their welfare.
Irradiation and assay procedure
Eight-to 10-week-old male mice F1 B6 CBA (CBA/J x C5751/6J) were irradiated under a source of X-rays (250 kV, 15 mAmp, and an aluminium filter of 4 mm). The animals were turned on their backs and given a gonadal irradiation of 4 Gy at 342.28mGy/min dose rate. The extratesticular regions were shielded with lead.
Prepuberal mouse females were injected with pregnant mare serum gonadotropin, followed 48 h later by human chorionic gonadotropin to induce superovulation. Immediately after HCG, the females were caged with control or irradiated males. The different mating days postirradiation were chosen to get different irradiated germ cell populations. Thus matings at 1 to 7 days postirradiation (dpi) resulted in eggs fertilized with spermatozoa that were in the epididymis at the time of irradiation. For the periods of 15-21dpi, 28-36 dpi, and 41-47dpi spermatid, spermatocyte and spermatogonia exposures were expected. Zygotes were obtained by dissection of the oviducts. Two-cell embryos were obtained by the in vitro culture of zygotes for 24 h. To obtain chromosome preparations, zygotes and two-cell embryos were cultured in vinblastine-sulfate-containing medium for an additional 17 h period, then fixed on slides.
PRINS, FISH, and whole chromosome painting
One-color PRINS 11) was carried out by using the oligonucleotide (CCCTAA) 7 as a primer, which hybridizes with the mouse telomere sequence. After denaturing chromosomal DNA in 70% formamide/2 × SSC at 72 ° C, 25 µ l of a PRINS reaction mixture (containing the primer; 0.1 mM each of dATP, dGTP, and dCTP; digoxygenin-dUTP 0.01mM; 1 U Taq polymerase and 5% glycerol in PCR buffer) was placed on each slide. Primer annealing and chain elongation were allowed to proceed at 56 ° C for 30 min. Next, the slides were dipped in blocking solution to stop the reaction and dehydrated in a cold ethanol series. This step is sufficient to make subsequent FISH possible without further denaturation. To label the major satellite DNA of mouse centromeres, 8 µ l of hybridization mixture containing Cy3 directly labeled pancentromeric probe (Cambio) was applied to slides and incubated at 37 ° C overnight. Finally, PRINS products containing digoxygenin-dUTP were visualized with fluorescein conjugated antibodies. To distinguish the normal Y chromosome from acentric fragments subsequent to centromere and telomere hybridization, a mouse Y-chomosome specific DNA library (Cambio) was applied ( Fig. 1) . The slides were analyzed under an Olympus AX70 microscope equipped with three simple filters for visualizing DAPI, FITC, and Cy3 fluorescence, and with a fourth triple filter for visualizing DAPI/ FITC/TRITC all at the same time. The images were captured with a Cytovision system (Applied Imaging, Inc.).
Scoring of aberrations
For scoring purposes, each dicentric chromosome and the accompanying acentric fragment were considered as a single aberration. Similarly, the nonrejoined (uncapped) centric and acentric fragments resulting from a simple chromosome break were considered as a single aberration. All acentric fragments except those observed together with a dicentric chromosome were classified as excess acentric fragments. They are believed to originate from terminal deletions, incomplete rearrangements, or interstitial deletions. Translocations were scored only when they resulted in a chromosome visibly abnormal because of its size or configuration. However, one must take into consideration that by labeling only the telomeres, the centromeres, and the Y chromosome, many symmetrical aberrations (reciprocal translocations and inversions) can go unnoticed.
Statistical analysis
A linear regression was performed to determine if there were statistical differences in the frequency of aberrant metaphases among the different groups analyzed as zygotes and two-cell embryos. If statistical differences were found, post hoc comparisons between the control and the different irradiated groups were made.
RESULTS AND DISCUSSION

Cell stage sensitivity to radiation
During spermatogenesis, dramatic alterations occur in the chromatin structure and DNA repair function of germ cells, which may affect their radiosensitivity. To monitor the radiation response of the individual germ cell stages, we have analyzed the radiation-induced chromosome aberrations at the first and second cleavages of eggs fertilized with sperm recovered from irradiated mice ( Table 1 ). In first cleavage eggs, 654 chromosome complements derived from nonirradiated male mice and 628 chromosome complements of zygotes derived from matings with irradiated male mice were analyzed. The frequency of aberrant metaphases in control zygotes was very low (0.8%). The frequency of zygote complements with aberrations induced by X-rays was 14.7% for matings at 1-7dpi (epididymal sperm irradiation). This frequency increased to 26.5% at 15-21dpi (i.e., Table1. Radiation-induced chromosome aberrations in zygotes and in two-cell embryos at different irradiation stages. early spermatid irradiation) and decreased gradually to 4.3% and 2.5% at the longest postirradiation periods (spermatocyte and spermatogonia exposure). Post hoc comparisons revealed statistical differences between the control and each of the irradiated groups, except for the spermatogonia irradiation stage (epididymal irradiation p < 0.0001; spermatid irradiation p < 0.0001; spermatocyte irradiation p = 0.0039).
In second cleavages, 246 chromosome complements of control two-cell embryos and 651 chromosome complements of two-cell embryos derived from matings with irradiated male mice were analyzed. Our results in two-cell embryos (Table  1) were similar to those obtained in zygotes, with a peak in the frequency of aberrant metaphases at 15-21dpi (early spermatid irradiation). Although statistical differences were found among the different groups of two-cell embryos analyzed (p < 0.0001), post hoc comparisons revealed only statistical differences when comparing the control group with the spermatid irradiation stage (p < 0.0001).
In late spermatogenic stages, our results show that irradiation at the spermatid stage results in a higher frequency of fertilized eggs with chromosomal aberrations than irradiation at the epididymal sperm stage. Similar differences in Xray sensitivity between these two spermatogenic stages were also reported by Matsuda et al . 12) and could be due to the important differences in the packaging of chromatin between these two cell stages. However, Matsuda et al . 12) reported higher frequencies of induced aberrations at all the radiation-exposed stages than in the present study. These differences might be explained in several ways: First, their results are expressed as aberrations per zygote, and ours are expressed as aberrations per chromosome complement (one zygote consists of two chromosome complements, one derived from the male and the other from the female pronucleous). Second, they took into consideration not only chromosome-type aberrations but also chromatid-type. And third, there are differences in the irradiation protocol. Although in both studies the animals were whole-body-irradiated with an X-ray device (250 Kv) at 4 Gy, there were important differences in the dose rate. Matsuda et al . 12) irradiated the animals with a dose-rate of 1 Gy/min, but in our study the dose-rate was 342.28 mGy/min. The differences in dose rate can account for the different induction of aberrations, since when cells are exposed to low dose-rate radiation, it is more likely that DNA damage induced by a single radiation track can be repaired before another potentially interacting DNA lesion is induced by a second traversal.
For irradiation exposures at the earlier stages of spermatogenesis (spermatocyte and spermatogonia), we observed a gradual decrease in the frequency of aberrations in the two embryonic cleavages. This could be explained by a strong selection against damaged cells and is in agreement with the reported sensitivity of B-spermatogonia and preleptotene spermatocytes to cell killing after radiation exposure 13) .
Radiation-induced chromosome aberrations and rejoining of broken ends
In both cleavage stages (zygotes and two-cell embryos), the cytogenetic aberrations induced by X-rays were mainly of the chromosome type, as expected from radiation-induced lesions that have gone through an S-phase. For all the different categories of aberrations, the frequencies observed in zygotes were higher than in two-cell embryos at all postirradiation periods ( Fig. 2A and 2B ). This reduction is compatible with the unstable nature of most of the detected aberrations and/or with the death of zygotes carrying chromosomal abnormalities before reaching the two-cell stage. In zygotes and in two-cell embryos, the chromosome aberrations most frequently observed through all the exposure stages were excess acentric fragments and dicentric chromosomes plus the accompanying acentric fragment. These dicentric chromosomes never presented telomeres at the site of rejoining, ruling out the possibility of a broken and an unbroken chromosome interacting to give a dicentric.
Theoretically, centric and acentric fragments are expected to have a similar probability of joining. In other words, proximal and distal broken-end joining (in reference to the position of the centromere) is expected to occur at a similar frequency. To determine whether this is true in germ cells, we have analyzed the rejoined/unrejoined pattern of induced aberrations. This analysis has been restricted to complete metaphases at the first division postirradiation (analysis of zygotes after exposure of early spermatids and epididymal sperm) to avoid the possible influence of fragment loss during cell division on the results. The localization of telomeres and centromeres allows great accuracy in detecting all asymmetrical chromosomal aberrations (dicentric chromosomes and acentric fragments). Moreover, it allows us to distinguish between compound (telomeres at both ends), terminal (telomeres at only one end) and interstitial acentric fragments (no telomeres at all). A total of 35 dicentric chromosomes were observed in zygotes obtained after early spermatid and epididymal sperm irradiation. Each dicentric chromosome was accompanied by an acentric fragment, which always contained telomeres at each end. The dicentric chromosomes and their associated acentric fragments probably originated from the joining of two centric and two acentric fragments. However, besides the acentric fragments associated with dicentric chromosomes, we frequently observed excess acentric fragments (those without an accompanying dicentric chromosome). These fragments are believed to originate from terminal deletions, incomplete exchanges, or interstitial deletions, and if no rejoining occurred, all excess acentric fragments should present either telomeres at only one end or no telomeres at all. A total of 65 excess acentric fragments were present in the first postirradiation embryonic cleavages analyzed in this study (Table  2) . About half (55.3%) of these excess acentric fragments had telomeres at both ends (compound acentric fragments). In summary, of 71 compound acentric fragments, only 35 were accompanied by dicentric chromosomes. This surplus of compound acentric fragments versus dicentric chromosomes suggests that the theoretical assumption of proximal and distal rejoining being equally probable may not be exact. Considering the dynamic state of telomeric DNA, some surplus distal rejoining can be expected. Telomeres often associate with one another and with the nuclear periphery, particularly during the early stages of meiosis (bouquet formation, 14) . Their proximity could favor the rejoining of distal ends (acentric fragments) and could explain the surplus of acentric fragments with telomeres at both ends as a result of a favored rejoining of distal broken ends. However, this is not exclusive for germ or embryonic cells. In a published study of the completeness of radiation-induced chromosome aberrations in human lymphocytes, Boei et al . reported that pairs of incomplete centric fragments were four times more frequent than pairs of nonrejoined terminal acentric fragments.
Capping of breaks by acquisition of new telomeres
Provided the low specificity of telomerase biochemical activity in telomeric and nontelomeric substrates in vitro , it has been speculated that broken chromosome ends could be stabilized by the direct addition of telomere repeats to DNA breaks, thus potentially influencing the spectrum and the frequency of radiation-induced chromosome aberrations 2, 16) . To investigate whether stabilization of broken chromosome ends by the acquisition of new telomeres takes place in germ and early embryonic mammalian cells after radiation-induction of DNA breaks, we examined the same chromosome complements obtained in mouse zygotes and two-cell embryos for the presence of additional telomeric signals at the end of broken chromosomes. In the 651 chromosome complements of two-cell embryos derived from matings with irradiated mice, no additional telomeric signals at broken chromosome ends were observed. However, reanalysis of the 628 chromosome complements of zygotes derived from matings with irradiated male mice showed the presence of an additional pair of telomeres (one more than the expected 80 telomeric pairs), found in a zygote derived from spermatozoa irradiated at the spermatocyte stage. Hyperploidy was ruled out by centromere labeling. A total of 40 centromeres were present (20 derived from the male pronucleus and 20 from the female), but the number of chromosomal bodies was 41. A clear chromosome break resulting in a small centric fragment plus an acentric fragment was identified (Fig. 3) . When analyzing the telomere status of the fragments generated by the breaks in this zygote, we observed that the centric fragment contained telomeres at one of its ends; however, the generated acentric fragment, which was expected to have telomeres at only one end, showed them at both ends. The other chromosomes had a normal pattern of telomeric signals at each end. Different explanations could account for the origin of this aberration. The first one would need a sequence of rare events: the induction of two breaks in two chromosomes and the rejoining of the acentric fragments generated, followed by a double aneuploidy giving rise to the loss of one of the generated centric fragments and the gain of a whole chromosome, apparently normal. The second would involve one chromosome break followed by the acquisition of new telomeres at one of the chromosome ends. Although it cannot be ruled out that this sequence of rare events (first explanation) could originate the observed capped acentric fragment in germ cells, it has been reported that the acquisition of new telomeres at a break site in the human germ line could be the basis of several human genetic diseases. 6, 17, 18) Two different mechanisms have been suggested to explain the acquisition of new telomeres at broken DNA ends.
Telomeres can be acquired by break-induced replication (BIR), as has been observed in yeast 19, 20) and mammals 21) . In BIR, the broken end of the chromosome invades a region of homology on another chromosome and replicates up to its end. Alternatively, telomerase may be involved in the direct addition of telomeres, as has been reported in several human genetic diseases 6, 17, 18) . Both mechanisms, BIR and de novo synthesis by telomerase, may explain the presence of the additional pair of telomeres observed in one of 1,279 embryonic chromosome complements. Mouse cells lacking telomerase RNA 22) could be useful in distinguishing the newly added telomeres by telomerase from those acquired by BIR. The low frequency with which this phenomenon occurs is also consistent with the results of a recent work reporting that the intranuclear localization of telomerase is dependent on the cell cycle stage and DNA damage. In nontumoral cells, telomerase is concentrated at nucleoli after DNA damage induction, and it is released at the time of telomere replication 23) , thus reducing its opportunities of accessing chromatin.
Our results indicate that the different expression of DNA repair proteins and telomerase in germ cells compared to somatic cells does not lead to striking differences with respect to radiation-induced chromosomal aberrations. However, their different pattern of expression could be responsible for the rare telomere acquisition event observed. Although very infrequent, the importance of capping of DNA breaks in mammalian cells must be taken into account because it may have an influence on promoting terminal deletions, stabilizing gene amplifications, and preventing chromosome instability.
